Endogenous interstitial adenosine may protect the hypoxic heart by attenuating ,B-adrenergic-induced contractile and metabolic responses, thereby reducing energy utilization. Constant-flow perfused rat hearts were used to study 1) the effect of hypoxia on isoproterenol (ISO)-induced increase in interstitial adenosine, as estimated with epicardial surface transudates, and 2) the role of endogenous adenosine in hypoxic depression of ISO-induced contractile responses. ISO (1 nM for 10 minutes) in the normoxic heart increased transudate adenosine 114% from a pre-ISO normoxic value of 343 pmol/ml. ISO administered to the hypoxic heart increased transudate adenosine 357% from a pre-ISO hypoxic value of 797 pmol/ml. The absolute magnitude of the ISO-induced increase in transudate adenosine was 625% greater during hypoxia than during normoxia. This was associated with a reduction in the ISO-induced contractile response during hypoxia. In other experiments, with normoxia ISO (10 nM for 10 seconds) increased developed left ventricular pressure by 140 mm Hg, and the maximum rates of left ventricular pressure development and relaxation by 5,860 and 2,771 mm Hg/sec, respectively, above control values of 90 mm Hg, 2,250 mm Hg/sec, and 1,875 mm Hg/sec. Hypoxia reduced the three ISO-induced contractile responses by 50%, 56%, and 36%. However, 1,3-dipropyl-8-cyclopentylxanthine (5x10-7 M), an adenosine A,-receptor antagonist, added to the hypoxic hearts resulted in only a 31%, 39o, and 9%o reduction in the ISO-induced responses in developed left ventricular pressure and the maximum rates of left ventricular pressure development and relaxation, respectively. These findings indicate that the effectiveness of ISO as a stimulus for augmenting interstitial adenosine is increased with hypoxia. The resulting enhanced expression of the antiadrenergic action of adenosine attenuates the ISO-induced contractile response during hypoxia. (Circulation Research 1993;72:571-578) KEY WORDs * myocardium * 02 supply-to-demand ratio * 02 consumption * contractility dipropylcyclopentylxanthine T he level of adenosine in the heart increases with ,8-adrenergic catecholamine stimulation.'-3 The nucleoside has been reported to antagonize, in turn, the stimulatory effects of ,B-adrenergic agonists on contractile and metabolic function4-8 of the myocardium in both in vivo9'0 and in vitro57"11 studies. This antiadrenergic action, manifested as an attenuation of adenylyl cyclase activation'213 and myocardial protein phosphorylation,14 is therefore a negative feedback mechanism6'7"' mediated by adenosine-specific A1-receptors.'2,1516 Hypoxia is also a potent stimulus for the myocardial formation of adenosine.317 Thus, expression of the antiadrenergic action of adenosine may be of particular importance in the f-adrenergic-stimulated hypoxic heart. By reducing the adrenergic-elicited increase in contractile function, adenosine would promote a decrease in energy consumption at a time when energy production is limited because of a reduced supply of 02. Adenosine is thought to derive, in part, from cardiomyocytes2 on dephosphorylation of AMP18,19 by cytosolic20 and/or sarcolemmal-bound3,21 5'-nucleotidase activity. The appearance of adenosine in the coronary effluent has been reported to increase exponentially with a rise in cytosolic AMP concentration of the intact heart, possibly as a result of the allosteric activation of 5'-nucleotidase.3 However, the level of adenosine in the coronary effluent is influenced by endothelial cells of the coronary vasculature.22 Changes in vascular adenosine levels may be different from those occurring in levels of interstitial adenosine.1''7 It is believed that only interstitial adenosine interacts with adenosine A1-receptors on cardiomyocytes, thereby allowing expression of its antiadrenergic action.1''6417 To investigate the importance of adenosine as a negative feedback regulator in the hypoxic heart, it is necessary to determine the effect of hypoxia on the 3-adrenergic-induced accumulation of adenosine in the interstitial compartment.
Endogenous interstitial adenosine may protect the hypoxic heart by attenuating ,B-adrenergic-induced contractile and metabolic responses, thereby reducing energy utilization. Constant-flow perfused rat hearts were used to study 1) the effect of hypoxia on isoproterenol (ISO)-induced increase in interstitial adenosine, as estimated with epicardial surface transudates, and 2) the role of endogenous adenosine in hypoxic depression of ISO-induced contractile responses. ISO (1 nM for 10 minutes) in the normoxic heart increased transudate adenosine 114% from a pre-ISO normoxic value of 343 pmol/ml. ISO administered to the hypoxic heart increased transudate adenosine 357% from a pre-ISO hypoxic value of 797 pmol/ml. The absolute magnitude of the ISO-induced increase in transudate adenosine was 625% greater during hypoxia than during normoxia. This was associated with a reduction in the ISO-induced contractile response during hypoxia. In other experiments, with normoxia ISO (10 nM for 10 seconds) increased developed left ventricular pressure by 140 mm Hg, and the maximum rates of left ventricular pressure development and relaxation by 5,860 and 2,771 mm Hg/sec, respectively, above control values of 90 mm Hg, 2,250 mm Hg/sec, and 1,875 mm Hg/sec. Hypoxia reduced the three ISO-induced contractile responses by 50%, 56%, and 36%. However, 1,3-dipropyl-8-cyclopentylxanthine (5x10-7 M), an adenosine A,-receptor antagonist, added to the hypoxic hearts resulted in only a 31%, 39o, and 9%o reduction in the ISO-induced responses in developed left ventricular pressure and the maximum rates of left ventricular pressure development and relaxation, respectively. These findings indicate that the effectiveness of ISO as a stimulus for augmenting interstitial adenosine is increased with hypoxia. The resulting enhanced expression of the antiadrenergic action of adenosine attenuates the ISO-induced contractile response during hypoxia. (Circulation Research 1993;72:571-578) KEY WORDs * myocardium * 02 supply-to-demand ratio * 02 consumption * contractility dipropylcyclopentylxanthine T he level of adenosine in the heart increases with ,8-adrenergic catecholamine stimulation.'-3 The nucleoside has been reported to antagonize, in turn, the stimulatory effects of ,B-adrenergic agonists on contractile and metabolic function4-8 of the myocardium in both in vivo9'0 and in vitro57"11 studies. This antiadrenergic action, manifested as an attenuation of adenylyl cyclase activation'213 and myocardial protein phosphorylation,14 is therefore a negative feedback mechanism6'7"' mediated by adenosine-specific A1-receptors. '2,1516 Hypoxia is also a potent stimulus for the myocardial formation of adenosine.317 Thus, expression of the antiadrenergic action of adenosine may be of particular importance in the f-adrenergic-stimulated hypoxic heart. By reducing the adrenergic-elicited increase in contractile function, adenosine would promote supply of 02.
Adenosine is thought to derive, in part, from cardiomyocytes2 on dephosphorylation of AMP18,19 by cytosolic20 and/or sarcolemmal-bound3,21 5'-nucleotidase activity. The appearance of adenosine in the coronary effluent has been reported to increase exponentially with a rise in cytosolic AMP concentration of the intact heart, possibly as a result of the allosteric activation of 5'-nucleotidase.3 However, the level of adenosine in the coronary effluent is influenced by endothelial cells of the coronary vasculature. 22 Changes in vascular adenosine levels may be different from those occurring in levels of interstitial adenosine.1''7 It is believed that only interstitial adenosine interacts with adenosine A1-receptors on cardiomyocytes, thereby allowing expression of its antiadrenergic action.1''6417 To investigate the importance of adenosine as a negative feedback regulator in the hypoxic heart, it is necessary to determine the effect of hypoxia on the 3-adrenergic-induced accumulation of adenosine in the interstitial compartment.
The basal level of cytosolic AMP is greater in the hypoxic heart than in the normoxic heart.3 If 5'-nucleotidase is allosterically regulated,3 an equivalent ,B-adrenergic stimulation of hypoxic and normoxic hearts may be expected to elicit a greater level of adenosine in the interstitial fluid of the oxygen-deficient heart than in the well-oxygenated heart. Since the antiadrenergic action of adenosine is dose dependent,67 an augmented interstitial level of adenosine in response to P-adrenergic stimulation of the hypoxic heart would induce a greater attenuation of the enhanced contractile function.
The goals of the present study were to 1) determine the effect of hypoxia on the elevation of interstitial adenosine in the presence of /3-adrenergic stimulation with isoproterenol (ISO), a 3-receptor agonist, and 2) determine if endogenous adenosine reduces the contractile responsiveness of the hypoxic heart to ,B-adrenergic stimulation. To achieve these goals, adenosine levels in epicardial surface transudate and coronary effluent were determined in ISO-stimulated normoxic or hypoxic isovolumically contracting hearts. Contractile function was assessed before and after adenosine A1-receptor antagonism. It was found that 1) hypoxia enhances the 83-adrenergic-induced elevation of heart interstitial adenosine, and 2) inhibition of the antiadrenergic action of endogenous adenosine in the hypoxic heart partially prevents the depressed adrenergicinduced contractile increases.
Materials and Methods

Isolated Heart Preparation
Animals used in this study were Myocardial oxygen consumption (MVo2), expressed as milliliters 02 consumed per minute per 100 g dry weight, was obtained as the product of the coronary flow and the difference in 02 contents of the aortic PS inflow and pulmonary artery outflow. The ratio of 02 supply to 02 demand was calculated by dividing milliliters 02 SUpplied to the heart per minute by milliliters 02 consumed by the heart per minute.
All pressure and 02 tension data were recorded on a multichannel polygraph (model 2600, Gould) or a Zeos 386SX PC with a DAS-8 AD converter (MetraByte, Taunton, Mass.) and Snapshot Storage Scope software (HEM Data Corp., Southfield, Mich.) for data analysis.
Protocols
To investigate the effect of reduced 02 on /8-adrenergic-induced adenosine formation, hearts were instrumented as described, and a period of 15-30 minutes was allowed to elapse. Hearts were then randomly assigned to one of four experimental groups ( Figure 1 ). t-Group Al: Normoxia without ISO. Transudate and effluent samples were collected approximately every minute for a total of 10 minutes. It has been found that the level of interstitial adenosine in this preparation remains constant for at least 1 hour.
Group A2: Normoxia with ISO. After collection of fluid samples as described for group Al, a 10-minute infusion of ISO was begun to achieve a final PS ISO concentration of 1 nM. Transudate and effluent samples were collected every minute for a total of 10 minutes. It has been found that the contractile responsiveness of this preparation to a 10-minute stimulation with 1 nM ISO is maintained for at least 1 hour.
Group A3: Hypoxia without ISO. After collection of fluid samples as described for group Al, the normoxic PS was rapidly changed to PS gassed with 50% 02-45% N2-5% CO2. Transudate and effluent samples were collected every 5 minutes for a total hypoxic perfusion period of 30 minutes.
Group A4: Hypoxia with ISO. After collection of fluid samples as described for group Al, normoxic PS was changed to PS gassed with 50% 02-45% N2-5% C02, and transudate and effluent samples were collected every 5 minutes for a total of 20 minutes. At this time, a 10-minute infusion of ISO was begun for an aortic PS ISO concentration of 1 nM. Transudate and effluent samples were then collected every minute for a total of 10 minutes. Thus, the total duration of these experiments was 30 minutes.
To investigate whether endogenous adenosine limits the contractile responsiveness of the hypoxic heart to ,p-adrenergic stimulation, hearts were isolated and instrumented as described above. Hearts were randomly assigned to one of two experimental groups (Figure 1 Instruments, Acton, Mass.). Isocratic elution was accomplished with a flow rate of 0.4 ml/min and a mobile phase consisting of 5% methanol in 10 mM KH2PO4, pH 3.5. Chromatographic data were collected and analyzed using a Maxima 820 chromatographic workstation (Waters). Fluorometer output was recorded in microvolts, and the chromatographic responses were integrated and reported as peak areas (microvolt-seconds).
Derivatization efficiency was determined as follows23:
The first two samples of transudate from each heart were pooled and then equally divided. After addition of a known amount of adenosine to one sample, analysis of both samples allowed determination of derivatization efficiency for adenosine contained in the transudate from each heart. This procedure was repeated for coronary effluent. Values for derivatization efficiency were assumed to remain constant for all the remaining fluid samples obtained from a particular heart. The adenosine concentration in the transudates is given in picomoles per milliliter. Adenosine in the effluents is given in either picomoles per milliliter or nanomoles released per minute per gram dry weight.
Materials
All reagents, solvents, salts, glucose, and pyruvate were of certified or HPLC grade from Fisher. L-ISO and DPCPX were obtained from Sigma and Research Biochemicals, Inc., Natick, Mass., respectively. Water used for heart perfusion and assays was purified with a Milli-Q water purification system (Millipore Corp., Bedford, Mass. Table 2 . In the normoxic heart, 10`8 M ISO administered as a 10-second infusion elicited significant 156%, 260%, and 148% increases in LVP, +dP/dtmu, and -dP/dt ax, respectively. In the absence of ,3-adrenergic stimulation, hypoxia reduced these respective contractile variables 36%, 29%, and 56% less than in normoxic control hearts. Although contractile function with hypoxia was increased by ISO stimulation, the values of the respective contractile variables for the ISO-stimulated hypoxic hearts were 44%, 48%, and 44% less than those values recorded in the ISO-stimulated normoxic hearts. DPCPX in hypoxic hearts had no effect on LVP, +dP/dtm.,, and -dP/dtm., before 3-adrenergic stimulation. However, in ISO-stimulated hypoxic hearts, the respective increases observed for these contractile variables were 21%, 24%, and 28% greater than values obtained before DPCPX administration.
To better understand the effect of DPCPX on the contractile responsiveness of the hypoxic heart to ISO stimulation, the ISO-induced increases in LVP, +dP/dt max, and -dP/dt max in hearts successively exposed to normoxia and hypoxia without or with DPCPX are depicted in Figure 4 . Hypoxia alone significantly reduced the responses of these contractile variables by 50%, 56%, and 36%, respectively. Addition of DPCPX to the hypoxic PS resulted in responses significantly greater than those observed in the absence of DPCPX. LVP, +dP/dtmax, and -dP/dt ma were increased by 37%, 38%, and 41%, respectively. However, whereas the ISO responses for LVP and +dP/dtmax remained significantly below those of the normoxic values, the ISO response value for -dP/dt max returned to the ISO response observed when hearts were perfused with normoxic PS.
Discussion
The major findings of this study are that 1) the /3-adrenergic-induced increase in interstitial adenosine observed in the normoxic perfused heart is enhanced with hypoxia, and 2) reduced contractile responsiveness of the hypoxic heart to /3-adrenergic stimulation is partially mediated by adenosine. These considerations are important for hearts that are incapable of maintaining an optimal phosphorylation potential26 as a result of reduced 02 delivery to the myocardium. Endogenous adenosine previously has been found to limit the fl-adrenergic-induced increase in contractile activity of the well-oxygenated heart.7 A similar limitation of ,B-adrenergic stimulation would prove beneficial to the myocardium during a period of reduced energy production capacity. Because manifestation of the antiadrenergic effect of adenosine is dose dependent,67'6 a greater presence of interstitial adenosine in response to fl-adrenergic stimulation of the hypoxic heart would enhance the negative feedback action of the nucleoside.12, 13 ISO stimulation of the hypoxic heart resulted in a 7.3-fold greater increase in the transudate adenosine level when compared with the ISO-stimulated normoxic heart. Several possible mechanisms that may explain this observation can be considered. Enhanced myocardial adenosine release into the coronary circulation has been observed previously with an increase in MVo2.7
Although adenosine release is increased concomitant with an increase in MVo2,27 in the present study, as in others,28 effluent and transudate adenosine levels, with hypoxia, were found to rise while MVo2 fell. With ISO stimulation, the increase in MVo2 was greater in normoxic than hypoxic hearts. Yet the presence of adenosine in the transudate of the hypoxic hearts was significantly greater than in ISO-stimulated normoxic hearts. These data do not support a role for MVo2 per se in the enhancement of ISO-induced adenosine release into the interstitium by hypoxia. Other studies support this contention. Increases in heart rate significantly increase MVo2 without increasing interstitial adenosine.' Increases in afterload also increase MVo2, with no effect on coronary effluent adenosine. 2, 27 A decrease in the OSDR has been proposed as a stimulus for enhanced adenosine release.2729 The present observations can be explained only partially by changes in the OSDR. Hypoxic perfusion elicited a significant increase in transudate adenosine levels that was concomitant with a fall in OSDR. The levels of adenosine in transudates of well-oxygenated hearts were significantly elevated with ISO stimulation; this elevation was concomitant with a significant reduction in the calculated OSDR. However, despite only a nonsignificant 4% decrease in the calculated OSDR between the hypoxic hearts and ISO-stimulated hypoxic hearts, the increase in transudate adenosine was 6.3-fold the increase observed in ISO-stimulated normoxic hearts, in which the OSDR decreased a significant 21%.
Other more plausible mechanisms may be suggested. Nucleoside release into coronary effluent from ISOstimulated or hypoxic hearts is exponentially related to the cytosolic free AMP level, as determined with 31p nuclear magnetic resonance spectroscopy.3 It has been suggested that this relation reflects an allosteric activation of ecto-5'-nucleotidase. 3 In the present study, adenosine concentrations in the interstitial fluid were determined, since it is this adenosine that directly influences cardiomyocyte function. If 5'-nucleotidase is The ISO-induced enhancement of contractile function was attenuated in the hypoxic heart. This effect was, in part, reversed by DPCPX, suggesting that the antiadrenergic action of endogenous adenosine played a role in the reduced responsiveness of the hypoxic heart Table 2 . See text and Figure 1 for 2) The concentration of DPCPX presently used was 100-fold less than that of theophylline, which previously (at 5 x 10`M) was not found to elevate cAMP levels in the heart. 6 3) The IC50 for the inhibition of phosphodiesterase I-III by DPCPX has been found to be >10-4 M44 The data presented herein do not support the contention that reduced contractile responsiveness to adrenergic stimulation of the hypoxic heart results from an induced decrease in P-adrenergic receptor number. 45 Although the overall contractile function remains depressed in the DPCPX-treated hypoxic heart, restoration of the ISO-induced changes in -dP/dtmax to normoxic levels by DPCPX would indicate that adrenergic coupling to adenylyl cyclase was unhindered in the hypoxic heart except by the action of adenosine. 15 In summary, rat hearts perfused with either welloxygenated PS or PS with reduced 02 content (hypoxia)
were stimulated with a low concentration of the ,-adrenergic agonist ISO. As determined from analysis of epicardial surface transudates, ISO was found to induce an increase in interstitial adenosine levels that was greater with hypoxia than with normoxia. The contractile responsiveness of the heart to adrenergic stimulation was reduced with hypoxia. This reduction was reversed with adenosine A1-receptor blockade. It is concluded that the contractile responsiveness of the hypoxic heart to f3-adrenergic stimulation is limited by adenosine, thus fostering reduced energy consumption by the hypoxic heart. Therefore, adenosine appears to play an important role in the survival of the hypoxic myocardium subjected to ,B-adrenergic stimulation.
